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This investigation examined whether listeners with mild–moderate sensorineural hearing
impairment have a deficit in the ability to integrate synchronous spectral information in the
perception of speech. In stage 1, the bandwidth of filtered speech centered either on 500 or 2500 Hz
was varied adaptively to determine the width required for approximately 15%–25% correct
recognition. In stage 2, these criterion bandwidths were presented simultaneously and percent
correct performance was determined in fixed block trials. Experiment 1 tested normal-hearing
listeners in quiet and in masking noise. The main findings were 1 there was no correlation between
the criterion bandwidths at 500 and 2500 Hz; 2 listeners achieved a high percent correct in stage
2 approximately 80%; and 3 performance in quiet and noise was similar. Experiment 2 tested
listeners with mild–moderate sensorineural hearing impairment. The main findings were 1 the
impaired listeners showed high variability in stage 1, with some listeners requiring narrower and
others requiring wider bandwidths than normal, and 2 hearing-impaired listeners achieved percent
correct performance in stage 2 that was comparable to normal. The results indicate that listeners
with mild–moderate sensorineural hearing loss do not have an essential deficit in the ability to
integrate across-frequency speech information. © 2008 Acoustical Society of America.
DOI: 10.1121/1.2940582
PACS numbers: 43.66.Dc, 43.66.Sr, 43.71.Ky BCM Pages: 1105–1115I. INTRODUCTION
The present study investigated speech recognition asso-
ciated with a single relatively narrow band of speech infor-
mation or two relatively narrow bands that were widely sepa-
rated in frequency. In normal-hearing listeners, narrow bands
of speech from widely spaced spectral regions can combine
to produce a percent correct well above the sum of the per-
cent correct values associated with each band separately
e.g., Grant and Braida, 1991; Warren et al., 1995; Lipp-
mann, 1996; Kasturi et al., 2002. For example, whereas a
low- and a high-frequency region may each support less than
20% correct speech identification, both bands presented to-
gether may support 70% identification e.g., Grant and
Braida, 1991. Although such effects are not predicted ad-
equately by the articulation theory e.g., French and Stein-
berg, 1947, they should not be regarded as surprising. Grant
and Braida commented that the substantial improvement in
performance achieved when spectrally separated bands are
presented together is due to the fact that the bands are likely
to contain nonredundant, complementary information. One
way to conceptualize this is in terms of the possible set of
meaningful utterances that are compatible with the bandlim-
ited information presented to the listener. Each band pre-
sented alone might be consistent with a large set of distinct
utterances. However, when the bands are presented together
the combined information is consistent with a reduced set of
candidate utterances.
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cues that are separated in frequency could have importance
for speech understanding in noisy backgrounds. For ex-
ample, when the signal to noise ratio is very low, a listener
may not have access to the entire spectrum of a speech target
and good performance may depend upon the ability to inte-
grate speech fragments that are separated in frequency e.g.,
Miller and Licklider, 1950; Howard-Jones and Rosen, 1993;
Assmann and Summerfield, 2004; Buss et al., 2004; Cooke,
2006; Hall et al., 2008. This may be particularly significant
from the perspective of hearing impairment because some
evidence indicates that listeners with sensorineural hearing
loss may have a diminished ability to integrate synchronous,
frequency-distributed information in the perception of
speech Turner et al., 1995; Turner et al., 1999; Healy and
Bacon, 2002. Such evidence has arisen from studies using
“vocoder” paradigms where speech is divided into a number
of frequency bands and the envelope of each band is used to
modulate a carrier stimulus in the same frequency region as
the original speech, with either a tone or noise band serving
as the carrier e.g., Shannon et al., 1995; Turner et al., 1995;
Dorman et al., 1997; Turner et al., 1999. In one such study,
it was found that although hearing-impaired listeners could
perform as well as normal for consonant perception based
upon a single band containing temporal envelope informa-
tion, the performance of the impaired listeners was worse
than normal for two or more bands carrying quasi-
independent temporal envelope information Turner et al.,
1999. The normal performance for the single band case was
interpreted as being consistent with temporal modulation
transfer function studies Viemeister, 1979 that have gener-
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ally indicated a normal ability of hearing-impaired listeners
to code the temporal envelope of a stimulus, provided that
effects of stimulus audibility are taken into account e.g.,
Bacon and Gleitman, 1992; Moore et al., 1992. Turner et al.
1999 and Healy and Bacon 2002 have suggested that the
speech results related to the combination of information from
more than one spectral band containing temporal information
may indicate a reduced ability of hearing-impaired listeners
to combine spectrotemporal information across frequency.
One question of importance is whether the deficits in
across-frequency integration suggested by the above-
mentioned studies occur exclusively for the type of speech
material they used only temporal envelope information, or
whether it also occurs for more conventionally filtered
speech. A recent study by Grant et al. 2007 is pertinent to
this question. That study examined the intelligibility of
speech filtered into relatively narrow spectral bands for both
normal-hearing listeners and listeners with sensorineural
hearing impairment. They examined several conditions in-
volving either audio only or audio-visual cues. The condi-
tions most relevant to the present study involved either a
relatively low-frequency band alone 298–375 Hz or the
low-frequency band plus a high-frequency band
4762–6000 Hz. Both normal-hearing and hearing-impaired
listeners achieved approximately 20% correct performance
for the low band alone, but whereas the normal-hearing lis-
teners improved to approximately 60% for both low and high
bands presented together, the hearing-impaired listeners im-
proved to only about 40% correct with both bands present.
Grant et al. noted several possible accounts for the poorer
performance of the hearing-impaired listeners when both
bands were present, including an essential deficit in the abil-
ity to integrate across-frequency information, relatively great
hearing loss in the region of the high-frequency band, and
poor processing of the high-frequency information due to
upward spread of masking, a manifestation of poor fre-
quency selectivity that is relatively common in listeners with
sensorineural hearing loss e.g., Tyler et al., 1984; Gagné,
1988. One feature of the Grant et al. study that makes it
somewhat difficult to compare to the previous vocoder-based
studies is that although the Grant et al. study examined the
impact of adding a high-frequency speech band to a low-
frequency band, the study did not specifically determine the
intelligibility associated with the high band presented alone.
In the present study, speech recognition was assessed for
low and high bands presented alone, and for the bands pre-
sented together. Furthermore, stimulus features intended to
minimize effects related to upward spread of masking were
employed. The rationale was to use an approach that allowed
a test of whether listeners with sensorineural hearing impair-
ment have an essential deficit in the ability to integrate
across-frequency speech information apart from factors that
could be related to a peripherally based reduction in fre-
quency selectivity. Two experiments were performed. The
first experiment tested listeners with normal hearing, exam-
ining the intelligibility of speech presented in quiet and
speech presented in a masking noise background that was
intended to simulate a 40–50 dB hearing loss. The main pur-
pose of this study was to obtain information about the ro-
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masked and masked conditions and to provide baselines
against which to compare data from hearing-impaired listen-
ers tested in the second experiment.
II. EXPERIMENT 1: NORMAL-HEARING LISTENERS
A. Methods
1. Listeners
Two sets of listeners with normal hearing participated,
one tested in quiet four males and seven females and the
other tested in background noise three males and five fe-
males. The mean age of the normal-hearing listeners was
35.2 years with a standard deviation of 12.3 years. All listen-
ers were screened to have audiometric thresholds of 20 dB
HL or better at octave frequencies from 250 to 8000 Hz.
2. Rationale and stimuli
The speech material consisted of Bamford–Kowal–
Bench sentences Bench et al., 1979, with each sentence
containing from three to five key words. There were 21 lists
of 16 sentences each. This corpus of sentences allowed test-
ing to be completed without replicating any sentence for all
of the listeners tested in quiet and all but two of the listeners
tested in noise. For these two listeners, parts of list 1 and list
2 were repeated. In some conditions, speech was filtered into
a single band centered at one of two frequencies, and in other
conditions bands were available at both center frequencies
simultaneously. The two bands were arithmetically centered
on 500 and 2500 Hz, and filtering was performed via convo-
lution with a 12 Hz resolution.
An important part of the rationale underlying the meth-
ods was related to upward spread of masking. This rationale
was not of direct interest with regard to the normal-hearing
listeners but is important from the standpoint of hearing im-
pairment. Many hearing-impaired listeners are prone to
greater than normal upward spread of masking e.g., Tyler
et al., 1984; Gagné, 1988, and we wished to minimize the
possibility that such masking could underlie differences be-
tween the results of the normal-hearing and hearing-impaired
listeners. This objective was met with two types of stimulus
manipulation. One manipulation was a level boost of the
high-frequency speech band relative to the low-frequency
band. Dubno et al. 2006 used a similar method in a previ-
ous study of speech perception in hearing-impaired listeners.
The speech level was 85 dB SPL prior to bandpass filtering
for the low band and 97 dB SPL prior to bandpass filtering
for the high band. The other stimulus manipulation involved
a condition where the low and high bands were presented to
opposite ears details in the following, preventing peripheral
masking of the high band by the low band.
In the conditions meant to simulate hearing loss, a pink
noise was presented at a level of approximately 37 dB /Hz
SPL at 1 kHz. This noise resulted in masked thresholds of
approximately 50–55 dB SPL at octave frequencies from
500 to 4000 Hz.
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3. Procedure
The listener sat in a double-walled sound booth and was
instructed to repeat as many words as possible after each
sentence was presented and to guess for words that were not
intelligible. No feedback was provided. The experimenter
was positioned in front of a visual display that showed the
current sentence and monitored the listener’s response via a
talk-back loop. The experimenter recorded errors following
each listener response. Stimuli were presented over Sen-
nheiser HD 265 earphones.
A critical consideration was the specific bandwidth to
which the speech was filtered at each center frequency, as the
goal was to have the speech intelligibility fall within a rela-
tively narrow range of poor performance i.e., 15%–25%
correct in the single-band conditions. Whereas most previ-
ous approaches have used fixed bandwidths, the present ap-
proach instead allowed bandwidth to vary across listeners
Noordhoek et al., 1999, partly because of the potential for
intersubject variation in speech performance for a fixed
bandwidth among hearing-impaired listeners. Another impor-
tant reason for the adaptive approach in the first stage of











High band ear 1 vs low band ear 1
FIG. 1. Criterion normalized bandwidth for the high band vs criterion norma
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was presented to ear 1 and the high band was presented to ear 2. The upperspeech bandwidth rapidly. Because of travel and other con-
J. Acoust. Soc. Am., Vol. 124, No. 2, August 2008siderations, many of the hearing-impaired listeners were
available for a relatively limited testing time and it was
therefore critical to use efficient testing strategies.
The adaptive procedure was carried out separately for a
band centered on 500 Hz, and for another band centered on
2500 Hz. At each center frequency the bandwidth was
changed adaptively by a factor of 1.21, with the bandwidth
increasing following two sentences in a row where no key
word was reported correctly, and with bandwidth decreasing
following a sentence in which any key word was correctly
reported. The run was stopped following eight reversals in
bandwidth adjustment, and the threshold bandwidth was
taken as the geometric mean of the bandwidths at the last six
reversals. This threshold value will be referred to as the cri-
terion speech bandwidth. Testing conducted prior to this
study on ten normal-hearing listeners showed that the crite-
rion speech bandwidth estimated from this stepping rule was
associated with approximately 15%–25% correct mean of
23.2% correct and standard deviation of 4.3% for the low
band and mean of 20.3% correct and standard deviation of
4.7% for the high band when listeners were retested with the
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presented to ear 1; 2 the high band presented to ear 1; and
3 the high band presented to ear 2. For each of the normal-
hearing listeners, ear 1 was randomly selected to be either
the right or the left ear.
In the second stage of testing, fixed block trials were
used to determine the percent correct speech identification
obtained when the low and high bands were presented to-
gether. Each estimate of percent correct was determined us-
ing a single BKB list consisting of 16 sentences one list,
and three estimates were obtained in each condition. In this
stage of testing, the bandwidth at each frequency was held
constant at the criterion speech bandwidths that had been
obtained in stage 1. There were two conditions in this stage
of testing, each involving the simultaneous presentation of
the low band and the high band: 1 both the low and high
bands presented to ear 1 and 2 the low band presented to
ear 1 and the high band presented to ear 2. The final estimate
of percent correct in each condition was computed by apply-
ing an arcsine transformation Studebaker, 1985 to the three
replicate data points, averaging these values, and then con-
verting the result back to percent correct.
B. Results and discussion
Figure 1 shows the relationships between the band-
widths estimated for the normal-hearing listeners at 500 and
2500 Hz for speech presented in both quiet and in noise.
Data are expressed as the criterion speech bandwidth divided
by the center frequency, a value referred to as the criterion
normalized bandwidth. Panels on the left-hand side are asso-
ciated with conditions where each band was presented to ear
1, and panels on the right-hand side are associated with con-
ditions where the low band was presented to ear 1 and the














FIG. 2. Speech recognition percent correct vs total normalized bandwidth, wi
left-hand panels show results for monaural stimulation, and the right-hand pa
for listeners tested in quiet and noise, respectively.Fig. 1 is that there was no obvious relation between the cri-
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is, listeners requiring a relatively wide criterion normalized
bandwidth at 500 Hz did not necessarily require a wide
bandwidth at 2500 Hz. The criterion normalized bandwidth
ranged from 0.27 to 0.57 at 500 Hz, and from 0.22 to 0.48 at
2500 Hz. The criterion normalized bandwidth was relatively
similar for the listeners tested in quiet and those tested in
noise. This finding is consistent with an analysis that indi-
cated that the signal-to-noise ratio was approximately 14 dB
or greater in the presence of the pink noise masker, suggest-
ing that speech audibility was not a limiting factor. A re-
peated measures analysis of variance was performed to ex-
amine this, with a within subjects factor of speech band
condition low band presented to ear 1, high band presented
to ear 1, and high band presented to ear 2 and a between
subjects factor of masker quiet versus masking noise. In
this analysis, the dependent variable was the criterion nor-
malized bandwidth at each frequency. The analysis indicated
a significant effect of speech band condition F2,34=9.6; p
=0.001, but no effect of masking noise F2,34=0.4; p=0.53
and no interaction F2,34=1.3; p=0.28. Post hoc testing re-
vealed that the significant effect of speech band was due to
the criterion normalized bandwidth being slightly wider for
the low band than for the high band.
Figure 2 plots the percent correct performance for the
monaural and dichotic conditions where the low and high
bands were presented simultaneously against a measure of
the total speech bandwidth available in these conditions. The
total speech bandwidth was defined as the sum of the crite-
rion normalized bandwidths at 500 and 2500 Hz. For the
monaural condition, the criterion normalized bandwidth for
2500 Hz was associated with ear 1, and for the dichotic con-
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and dichotic percent correct performance against these band-
width metrics because of the possibility that listeners having
relatively wide criterion bandwidths might perform relatively
well in the case where the bands were presented simulta-
neously. This did indeed appear to be the case, with a trend
for higher percent correct performance in cases where the
total speech bandwidth was relatively wide see Fig. 2. One
interpretation of this effect is that some listeners are rela-
tively poor in extracting information from a single band and
therefore require a large bandwidth for criterion perfor-
mance, but that such listeners are better able to use the
information when two bands are presented together. The col-
umns of Table I dealing with normal-hearing listeners left
and middle show associated correlations for the low and
high bands alone and for these bands together. As can be
seen, for the present listeners, there was some indication that
the bandwidth of the low-frequency band may have contrib-
uted relatively more to the performance obtained when both
bands were present, particularly for monaural presentation.
Another finding apparent in Fig. 2 is that the perfor-
mance was relatively good regardless of whether stimulation
was monaural or dichotic, or whether listeners were tested in
quiet or in noise. The level of performance obtained across
these conditions approximately 64%–94% correct was
clearly greater than that obtained by additive combination of
information present in the single-band conditions which
were associated with approximately 15%–25% correct. This
result is consistent with previous demonstrations of speech
band combination effects for frequency-separated bands
e.g., Grant and Braida, 1991; Warren et al., 1995; Lipp-
mann, 1996; Kasturi et al., 2002. A repeated measures
analysis of variance was performed with a within-subjects
factor of mode of presentation monaural versus dichotic pre-
sentation and a between-subjects factor of masker quiet
versus masking noise. In this analysis, the dependent vari-
able was the arcsine transformation of percent correct word
identification. The analysis indicated no significant effect of
presentation mode F1,17=0.6; p=0.45, no effect of masking
noise F1,17=1.9; p=0.18, and no interaction F1,17=2.25;
p=0.15. The fact that performance was relatively good in
conditions where a background masking noise was present
indicates that the speech band combination effect is rela-
tively robust in listeners with normal hearing. This result
suggests that for hearing-impaired listeners having thresh-
olds similar to those simulated by the masking noise used
TABLE I. Correlation between percent correct obta
together either monaurally or dichotically and the cr
criterion normalized bandwidth of the high band h




Low High Both Low
Monaural 0.65* 0.35 0.66* 0.87**
Dichotic 0.45 0.51 0.68* 0.59here, little effect of audibility may be expected.
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A. Methods
1. Listeners
There were nine hearing-impaired listeners, six females
and three males. The listeners had an average age of
43.3 years with a standard deviation of 11.3 years. All listen-
ers had mild-to-moderate sensorineural hearing losses as de-
termined via air- and bone-conduction audiometry. Audio-
metric data and speech recognition scores percent correct
for monosyllabic words presented in quiet for these listeners
are shown in Table II. The assignment of ear 1 and ear 2 was
random except in two cases listeners 7 and 8. During au-
diometric testing, the responses of listener 7 to both speech
and tones were relatively unreliable for right-ear presenta-
tion. This listener was therefore tested using the left ear only.
Listener 8 had normal hearing in the right ear and so was
tested using the left ear only. For this listener, a 40 dB HL
speech-shaped noise was presented to the right ear during
filtered speech testing in order to mask speech that may have
crossed over from the left earphone.
with the low- and high-frequency bands presented
n normalized bandwidth of the low band low, the
or the sum of these normalized bandwidths both.
ls of probability are noted by an asterisk or double
Hearing-impaired listenersg noise
igh Both Low High Both
.16 0.81* 0.09 −0.34 0.53
.20 0.85** 0.23 −0.49 0.78*
TABLE II. Air-conduction audiograms dB HL and speech recognition
scores % correct for monosyllabic words. Ear 1 the ear tested with both
the low and high bands presented the same ear is identified in bold. “NT”
indicates not tested.
250 500 1000 2000 4000 8000 Recognition
HI1 L 20 45 50 50 30 35 88
R 20 40 50 45 35 35 92
HI2 L 30 40 45 45 50 50 84
R 30 35 45 50 45 50 84
HI3 L 55 70 75 50 65 75 84
R 45 55 55 50 60 70 76
HI4 L 25 25 50 50 45 40 88
R 25 25 45 45 45 35 88
HI5 L 35 35 25 30 40 60 100
R 25 30 30 30 45 65 100
HI6 L 35 40 40 40 50 60 92
R 30 35 40 45 45 60 92
HI7 L 45 50 50 45 50 65 80
R 60 70 65 50 50 95 NT
HI8 L 50 50 50 50 50 80 76
R 15 5 15 10 10 15 100
HI9 L 50 50 45 40 40 40 84
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2. Methods and procedure
The methods and procedure were identical to those used
in experiment 1, except that all speech was presented in
quiet. Audibility of speech was judged at the outset as un-
likely to limit performance of hearing-impaired listeners. As
indicated in Table II, pure-tone thresholds at frequencies near
the center of each speech band were 55 dB HL or better for
all hearing-impaired listeners, similar to those of normal-
hearing listeners tested in the presence of pink noise, as
noted earlier. At threshold bandwidths estimated for noise-
masked normal-hearing listeners, the signal-to-noise ratios at
threshold were approximately 14 dB or greater, suggesting
that speech was likely to be audible for the hearing-impaired
listeners under these conditions.
B. Results and discussion
Figure 3 plots the criterion normalized bandwidth for the










































FIG. 3. Criterion normalized bandwidth for the high band vs criterion norma
for hearing-impaired listeners are depicted by listener number. The left-hand
stimulation where the low band was presented to ear 1 and the high band wa
listeners to the normal-hearing listeners who were tested in quiet, and the
hearing listeners who were tested in noise normal data are replotted from F
of normal-hearing listeners are identified by an asterisk: Asterisks above and
limits for normal-hearing listeners, respectively; asterisks to the right and to
limits for normal-hearing listeners, respectively.bandwidth for the 2500 Hz center frequency. The data for the
1110 J. Acoust. Soc. Am., Vol. 124, No. 2, August 2008normal-hearing listeners are replotted to aid comparison to
the data of the hearing-impaired listeners, for whom data are
identified by listener number. The upper panels are used to
compare with normal-hearing listeners tested in quiet and the
lower panels are used to compare with normal-hearing lis-
teners tested in noise. As with the normal-hearing listeners,
there was no apparent relation between the criterion normal-
ized bandwidths at the two center frequencies. There were
relatively large individual differences in the bandwidth nec-
essary for criterion performance in the hearing-impaired lis-
teners, with criterion normalized bandwidth ranging from ap-
proximately 0.28 to 1.06 Hz at 500 Hz, and from
approximately 0.14 to 0.54 Hz at 2500 Hz. The criterion
speech bandwidths obtained for the hearing-impaired listen-
ers were broadly similar to those obtained by the normal-
hearing listeners. Statistical analyses were performed to com-
pare performance of the two groups. Because some of the
hearing-impaired listeners were not tested in ear 2, repeated






















bandwidth for the low band, with the correlation r shown in the box. Data
ls show data for ear 1 stimulation, and the right-hand panels show data for
sented to ear 2. The upper panels allow comparison of the hearing-impaired
panels allow comparison of the hearing-impaired listeners to the normal-
. Hearing-impaired listeners having criterion bandwidths outside the range
w the symbol signify high-band criterion bandwidths above and below the








the lethe normal-hearing and hearing-impaired listeners for the
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two ear 1 conditions low band and high band and separate
t-tests were performed to compare the normal-hearing and
hearing-impaired listeners for the single ear 2 condition
high band. In all analyses, the dependent measure was the
criterion normalized bandwidth.
Comparisons of the hearing-impaired listeners to the
normal-hearing listeners tested in quiet will be considered
first. The repeated measures analysis of variance had a
within-subjects factor of condition low band presented to
ear 1 and high band presented to ear 1, and a between sub-
jects factor of hearing loss present or absent. The analysis
indicated no significant effect of condition F1,18=1.7; p
=0.21 or of hearing impairment F1,18=0.15; p=0.70 and
no interaction F1,18=0.55; p=0.47. The t-test comparing
the normal-hearing and hearing-impaired listeners for the
high band presented to ear 2 also indicated no significant
difference t16=0.73; p=0.48. The repeated measures analy-
sis comparing the masked normal-hearing listeners to the
hearing-impaired listeners indicated no significant effect of
condition F1,15=2.49; p=0.13 or of hearing impairment
F1,15=0.16; p=0.69 and no interaction F1,15=0.04; p
=0.84. The t-test comparing the masked normal-hearing and
the hearing-impaired listeners for the high band presented to
ear 2 also indicated no significant difference t13=0.23; p
=0.82.
At first glance, the result that the relative criterion band-
width did not differ between normal and hearing-impaired
listeners might appear to be in conflict with the results ob-
tained by Noordhoek et al. 2000, where hearing-impaired
listeners needed a wider bandwidth than normal to obtain
50% correct. There are at least three factors that should be
considered in this regard:
1 The listeners in the Noordhoek et al. study were tested
using bandlimited speech presented in a complementary
band-stop masking noise. It is possible that relatively
poor frequency selectivity, common in sensorineural
hearing loss e.g., Tyler et al., 1984; Stelmachowicz
et al., 1985; Leek and Summers, 1996, resulted in a
greater masking effect for hearing-impaired than normal-
hearing listeners, perhaps accounting for the need for a
wider speech bandwidth in the hearing-impaired listen-
ers of that study. The present finding that normal-hearing
and hearing-impaired listeners required broadly similar
speech bandwidth for criterion performance is consistent
with the previous results of Grant et al. 2007, which
indicated that, for the same narrow speech bandwidth,
normal-hearing and hearing-impaired listeners obtained
approximately the same, relatively low percent correct.
2 The Noordhoek et al. study tracked 50% intelligibility
and therefore required a larger bandwidth than the
present study where a lower intelligibility was tracked. It
is possible that the wider bandwidth tracked in the
Noordhoek et al. study resulted in effects of hearing im-
pairment related either to within-band masking effects or
to a smaller than normal number of effectively indepen-
dent frequency channels at the speech bandwidth associ-
ated with normal performance.3 Because the variability was relatively great among the
J. Acoust. Soc. Am., Vol. 124, No. 2, August 2008hearing-impaired listeners in the present study, it is im-
portant to consider whether some of the results of the
hearing-impaired listeners fell outside the normal range
even though there was no overall group difference. This
was addressed by assessing whether individual hearing-
impaired listeners had criterion normalized bandwidths
that were more than 2 s.d. above or below the normal
mean. In Fig. 3, listeners having bandwidths above the
normal limit are identified by an asterisk above the lis-
tener number for the high band and to the right of the
listener number for the low band; listeners having band-
widths below the normal limit are identified by an aster-
isk below the listener number for the high band. No
hearing-impaired listener had a bandwidth below the
normal limit for the low band. With respect to the group
of normal-hearing listeners tested in quiet, this analysis
indicated the following. For the low band, none of the
hearing-impaired listeners had criterion bandwidths nar-
rower than the normal limit, and listeners 8 and 9 had
bandwidths wider than the normal limit; for the high
band presented to ear 1, listeners 3, 4, 7, and 8 had
criterion bandwidths narrower than the normal limit, and
listeners 1, 2, and 9 had criterion bandwidths wider than
the normal limit. For the high band presented to ear 2,
listeners 3 and 4 had criterion bandwidths narrower than
the normal limit, and none of the listeners had criterion
bandwidths wider than the normal limit. With respect to
the group of normal-hearing listeners tested in masking
noise, this analysis indicated the following. For the low
band, none of the hearing-impaired listeners had crite-
rion bandwidths narrower than the normal limit, and lis-
tener 8 had a bandwidth wider than the normal limit; for
the high band presented to ear 1, listeners 3, 4, and 7 had
criterion bandwidths narrower than the normal limit, and
listeners 1, 2, and 9 had criterion bandwidths wider than
the normal limit. For the high band presented to ear 2,
none of the hearing-impaired listeners had criterion
bandwidths wider or narrower than the normal limit.
Overall, the results indicate that the criterion speech
bandwidth was variable in the hearing-impaired group,
with some listeners requiring narrower than normal val-
ues for the high band and others requiring wider than
normal values for the low and high bands.
Figure 4 plots the percent correct performance for the
monaural and dichotic conditions where the low and high
bands were presented simultaneously against the measure of
the total normalized bandwidth available in these conditions.
Figure 4 again replots the normal data in order to aid com-
parison. The right-most portion of Table I shows associated
correlations for the low and high bands alone and for these
bands together. As with the normal-hearing listeners, there
was a trend for the hearing-impaired listeners with the largest
total normalized bandwidth to have higher percent correct
scores, although this was statistically significant only for the
dichotic case.
The most notable finding was that the performance of
the hearing-impaired listeners was generally quite good
when both the low and high bands were present and was
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comparable to that for the normal-hearing listeners. t-tests
were performed on the arcsine-transformed percent correct
data to evaluate possible differences between the normal and
hearing-impaired listeners. This testing indicated that the
hearing-impaired listeners did not differ significantly from
the normal-hearing listeners tested in quiet t18=0.60; p
=0.56 or in noise t15=1.49; p=0.16. This finding also held
for dichotic presentation both in quiet t16=0.59; p=0.57
and in noise t13=0.91; p=0.38. Because the performance of
hearing-impaired listeners is often marked by high variabil-
ity, it is also important to evaluate possible outliers within
the impaired group. This was again assessed by determining
whether hearing-impaired listeners fell more than 2 s.d.
above or below the normal mean for either monaural or di-
chotic stimulation. Again, this was evaluated with respect to
the arcsine-transformed percent correct data. The results
were that none of the data of the hearing-impaired listeners
fell outside the normal limit.
As noted in Sec. II, pilot data on ten normal-hearing
listeners showed that the criterion speech bandwidth esti-
mated from the adaptive testing was associated with approxi-
mately 15%–25% correct when listeners were retested in
fixed blocks at this criterion bandwidth. Because no fixed-
block testing was performed with hearing-impaired listeners
for a single band at this criterion bandwidth, an additional
analysis was done to evaluate the assumption that the initial,
adaptive stage of testing converged on about the same per-
cent correct for the normal-hearing and hearing-impaired lis-
teners. The analysis was based upon the data from the adap-

































FIG. 4. Speech recognition percent correct vs total normalized bandwidth, w
depicted by listener number. The left-hand panels show data for monaural sti
panels allow comparison of the hearing-impaired listeners to the normal-hea
the hearing-impaired listeners to the normal-hearing listeners who were tes
having percent correct outside the range of normal-hearing listeners are ident
above and below the limits for normal-hearing listeners, respectively; asteris
above and below the limits for normal-hearing listeners, respectively.listeners for either the low band or high band presented to ear
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track were binned into equal log steps and psychometric
functions were estimated with a linear fit proportion correct
plotted against bandwidth. Because fits based upon indi-
vidual, raw data were relatively poor, data within each group
were combined and normalized to the mean criterion band-
width for each group. For example, if the mean criterion
bandwidth computed on log transform data was 300 Hz for
a listener but was 200 Hz for the group, the bandwidths for
that individual were multiplied by a factor of 2 /3. This pro-
cedure clustered the functions of all listeners around the cen-
troid of the group without affecting the individual function
slopes. The results of this procedure are shown in Fig. 5,
with the size of the symbol reflecting the number of points
contributing to the associated estimate. The line fitted to
these data was used to estimate the proportion of correct
responses associated with the mean criterion speech band-
widths obtained in the adaptive tracks; these values of pro-
portion correct were approximately 0.14–0.17 for both the
normal-hearing and hearing-impaired listeners. This analysis
therefore supports the assumption that the adaptive threshold
testing converged upon approximately the same level of
speech recognition performance for the two groups of listen-
ers.
IV. GENERAL DISCUSSION
A. Integration of spectrally separated speech
information
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noise normal data are replotted from Fig. 2. Hearing-impaired listeners
by an asterisk: Asterisks above and below the symbol signify percent correct






ks tolisteners with mild–moderate sensorineural hearing impair-
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ment have an essential deficit in the ability to integrate in-
formation from simultaneous, frequency-separated narrow
bands of filtered speech. In normal-hearing listeners, narrow
bands of speech from widely spaced spectral regions can
combine to produce a percent correct well above the sum of
the percent correct values associated with each band sepa-
rately. The results of the present study indicated that the
hearing-impaired listeners showed a similar ability to com-
bine speech information from frequency-separated bands.
This occurred both for monaural and for dichotic presenta-
tion.
Previous vocoder-based speech results have suggested
that sensorineural hearing loss may be associated with rela-
tively poor across-frequency integration of speech informa-
tion, and one interpretation considered by Grant et al. 2007
in their filtered speech study was also based upon poor
across-frequency integration by hearing-impaired listeners.
The results of the present study are not consistent with an
interpretation that sensorineural hearing loss is associated
with an essential deficit in the ability to integrate across-
frequency speech information. However, the present results
are not necessarily in conflict with those of the previous vo-
coder studies or with the results of Grant et al. 2007. For
example, it is possible that the different pattern of results in
the present study and the previous vocoder studies is related
to differences in stimuli. Such stimulus differences could in-
clude those related to processing vocoding versus filtering
and to level high-frequency speech energy in the present
study was boosted in level in order to avoid effects related to
upward spread of masking. The issue of the level of high-
frequency speech energy is also relevant to comparisons be-
tween the present study and the study of Grant et al. Al-
though Grant et al. noted that a deficit in the ability to
integrate across-frequency speech information could have
been the basis for their filtered speech results, they also noted
that other factors could have been at work, including in-
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FIG. 5. Proportion correct plotted as a function of speech bandwidth see
the text for details. Functions are fitted to data from the adaptive track stage
of testing for hearing-impaired listeners and normal-hearing listeners in
quiet and in noise.Because the present stimuli had features designed to mini-
J. Acoust. Soc. Am., Vol. 124, No. 2, August 2008mize effects of upward spread of masking, the present results
should not be interpreted as being in conflict with those of
Grant et al. 2007.
Although the present results on the effect of sensorineu-
ral hearing impairment on the ability to integrate across-
frequency speech information were relatively straightfor-
ward, there are nevertheless reasons to interpret them with
some caution. One reason is that the listeners of this study
had mild–moderate hearing losses. It is possible that speech
integration results would be different for listeners with more
severe hearing loss. A potential difficulty in interpreting re-
sults obtained from listeners with severe hearing loss is that
reduced speech perception abilities even with the complete
speech spectrum available might put a ceiling on the mag-
nitude of speech combination effects for frequency-separated
bands. Another reason for caution in interpreting the present
results is that the listeners of this study had relatively flat
hearing loss configurations. It is possible that sloping hearing
losses may be associated with different speech integration
abilities.
B. Criterion speech bandwidths at 500 and 2500 Hz
Although the primary purpose of the present study was
to examine the effect of hearing impairment on the ability to
integrate speech information across frequency, the findings
on the criterion speech bandwidth are also of interest. There
was considerable variability among the normal-hearing lis-
teners on the criterion bandwidth measure, and even greater
variability among the hearing-impaired listeners. Perhaps
most striking in this regard is that, for monaural presentation
when both the low and high bands were present simulta-
neously, more hearing-impaired listeners fell outside the
range for normal-hearing listeners two listeners below and
three above than inside this range in terms of total normal-
ized bandwidth see Fig. 4. This result was not predicted
and it is not readily accounted for. One possible interpreta-
tion of the wider bandwidth required by some hearing-
impaired listeners is based on the fidelity with which speech
information is encoded: if encoding of information is some-
how impaired, then criterion performance would require
more information via greater bandwidth. It is more challeng-
ing to account for the finding that some hearing-impaired
listeners required a narrower than normal total speech band-
width for criterion performance a finding that appears to
have been dominated by the bandwidth of the high band.
One possibility is that some hearing-impaired listeners may
adapt to the abnormal speech patterns available at the outputs
of their relatively wide auditory filters. For example, whereas
the temporal envelope of a speech stimulus at the output of a
relatively wide auditory filter may be abnormal, it may nev-
ertheless carry information that listeners can learn to use to
differentiate among speech sounds. One specific possibility
is that hearing-impaired listeners may learn to make use of
relatively high-rate modulation cues related to the fundamen-
tal frequency, which may, in turn, provide information re-
lated to voicing and pitch e.g., Arehart, 1994.
This study also yielded information about the relation
between bandwidths required to support a criterion level of
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performance at two separated frequency regions. While there
was no experimental hypothesis about this relationship, one
expectation that seems reasonable is that listeners who re-
quire a relatively narrow bandwidth at one region would also
require a narrow bandwidth at another region. However,
across the listeners tested here normal-hearing listeners
tested in quiet and in noise and hearing-impaired listeners
the correlation between the criterion speech bandwidths as-
sociated with the two frequency regions was consistently
close to zero. This would imply that performance was not
dominated by some general speech processing factor that ap-
plies across bandwidth in speech perception. Instead, it may
point to the importance of processing factors that are special-
ized with respect to frequency region and vary independently
across listeners.
V. CONCLUSIONS
1 Listeners with sensorineural hearing impairment showed
an ability to combine information from frequency-
separated bands of speech that was similar to that dem-
onstrated by normal-hearing listeners. This occurred
both for monaural and dichotic stimulation. These results
are consistent with an interpretation that listeners with
mild–moderate sensorineural hearing loss do not have an
essential deficit in the ability to combine across-
frequency speech information.
2 Neither normal-hearing nor hearing-impaired listeners
showed a significant correlation between the criterion
speech bandwidths at the two frequency regions exam-
ined here.
3 Speech recognition performance when both the low and
high bands were presented simultaneously tended to be
better for listeners having relatively wide criterion band-
widths. This was true for both normal-hearing and
hearing-impaired listeners.
4 On average, listeners with sensorineural hearing impair-
ment required criterion speech bandwidths that were
similar to normal at center frequencies of 500 and
2500 Hz. However, there was relatively great variation
in the criterion speech bandwidths of the hearing-
impaired listeners. In some conditions, there were
hearing-impaired listeners who had criterion speech
bandwidths that were narrower than the normal limit and
others who had criterion speech bandwidths that were
wider than the normal limit.
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